The Joint Transportation Research Program serves as a vehicle for INDOT collaboration with higher education institutions and industry in Indiana to facilitate innovation that results in continuous improvement in the planning, design, construction, operation, management and economic efficiency of the Indiana transportation infrastructure. 
Introduction
When the Indiana Department of Transportation designs a pavement project, a decision for QC/QA (Quality Control/Quality Assurance) or non-QC/QA is made solely based on the quantity of pavement materials to be used in the project. Once the pavement project is designated as QC/QA, quality characteristic values through a certain testing requirement (test types and sample sizes) are obtained and evaluated in comparison with certain testing criteria to ensure that the constructed pavement will meet the pavement design life. In the current INDOT practice of pavement materials testing, a testing requirement (QC/QA or non-QC/QA) is uniformly applied based on pavement quantity, regardless of road condition factors, such as traffic load, climate, and speed limit, that largely affect the pavement lifetime realistically. However, the actual risk will vary depending on the severity of road conditions; severe climate and heavily loaded traffic cause certain roads to fail much earlier than their designated design life, while other roads last much longer. There is an opportunity here to balance required testing resources by differentiating testing requirements for different road conditions. Stricter testing requirements for roads under severe conditions will reduce the error of placing out-ofspecification materials in the field. However, since there will be various testing requirements that achieve a certain degree of risk, it is possible to classify road sections for different intensities of testing requirement. For example, a reduced testing requirement (or even non-QC/QA) may suffice for low and middle volume traffic roads as long as the requirement achieves the target risk level.
Findings
Extended regression models were developed for pavement performance prediction and, using the variance of predicted performance, the risks of premature failure were estimated. We found that the number of commercial vehicles and heat index (number of hot days/freezing index) are good indicators for the risk of IRI and Rut, respectively. Using these two indicators, we were able to classify road sections into four groups and found this classification works well in distinguishing risky and safe road sections. The findings show the importance of traffic condition and weather condition on the degradation of pavement performance.
Recommendations for Implementation
In addition to tonnage, INDOT should consider weather and traffic conditions to determine whether the project is assigned as QC/ QA or not. The classified four groups have certain risk characteristics:
1.
high risks on both of IRI and Rut (H-H); 2.
low risk on Rut and high risk on IRI (L-H); 3.
high risk on Rut and low risk on IRI (H-L); and 4.
low risks on both IRI and Rut (L-L).
Depending on the risk characteristics, the intensity of test requirement can be classified accordingly. For example, since the L-L group has low risk in both IRI and Rut, the size of test sample can be reduced or they can be classified as non-QC/QA. And the H-H group might need to be classified as QC/QA even if the tonnage is less than 5,000 tons. Unfortunately, PCR is not significantly affected by the proposed classification scheme; therefore PCR-related tests should be done as current practice.
Our approach heavily relies on the prediction models for pavement performance. However, the road sections we used in analysis are less than 4 years old, due to the lack of aged data. Therefore, for more reliable results, collecting data for a longer period is desirable. And, the sources of abnormality in performance data should be examined and eliminated. In the last 40 years, many State Departments of Transportation have already implemented Quality Control/Quality Assurance (QC/QA) for their pavement projects. When INDOT designs a pavement project, a decision for QC/QA or non-QC/QA is made solely based on the quantity of pavement materials to be used in the project. Once the pavement project is designated as QC/QA, quality characteristic values through a certain testing requirement (test types and sample sizes) are obtained and evaluated in comparison with certain testing criteria, to ensure the constructed pavement will meet the pavement design life. In the current INDOT practice of pavement materials testing, a testing requirement (QC/QA or non-QC/QA) is uniformly applied based on pavement quantity, regardless of road condition factors such as traffic load, climate, and speed limit that largely affect the pavement lifetime realistically.
Variability in the performance of pavement has been recorded since the 1960s during the AASHO Road Test project. Even with well-trained inspectors, well equipped testing labs, competent contractors, and intensive efforts on the part of the owner of the project, it is not possible to eliminate the variability of pavement materials. Therefore, the owner of the project has to assume some acceptable risk in any pavement project. The main purpose of pavement materials testing is to prevent premature pavement failure or, statistically speaking, to limit the risk (probability) of premature failure based on an acceptable level of confidence.
However, the actual risk will vary depending on the severity of road conditions; severe climate and heavily loaded traffic cause certain roads to fail much earlier than their designated design life, while other roads last much longer. There is an opportunity here to balance required testing resources by differentiating testing requirements for different road conditions. Stricter testing requirements for roads under severe conditions will reduce the error of placing out-of-specification materials in the field. However, since there will be various testing requirements that achieve a certain degree of risk, it is possible to classify road sections for different intensities of testing requirement, e.g. a reduced testing requirement (or even non-QC/QA) may suffice for low and middle volume traffic roads as long as the requirement achieves the target risk level.
RESEARCH OBJECTIVES

Problem Definition
Pavement materials specification designation is the issue facing INDOT pavement projects from design to construction. There were, for example, some instances where a US route or State route with low volume traffic had to be assigned QC/QA pavement materials because the quantity of the pavement materials warranted QC/QA materials. With low volume traffic, the risk of premature pavement failure is very small and most of the time the pavement lasts longer than its initial projection. On the other hand, there are some instances where Interstate and US Highways with heavy traffic condition were specified with non-QC/QA pavement materials because the projects did not meet the QC/QA quantity requirement. Such situations increase the risk of premature pavement failure. In some pavement design projects, such as US Highways in urban areas with mostly passenger car traffic, a full blown QC/QA array of testing is not needed for quality assurance. With a reduced testing program, INDOT can assume an acceptable risk while assuring that the pavement will perform as intended.
Objectives and Expected Benefits
The objective of this project is to develop a comprehensive performance-based classification scheme of testing requirements based on road conditions for HMA pavements that: N Reduce the costs of pavement materials by placing appropriate materials in correct designated road classifications. Figure 3 .1 illustrates our overall research procedure. We collected and cleaned pavement performance data (IRI, Rut, and PCR) for HMA. And, contract history, traffic and weather data were also obtained. Regression models were developed for performance prediction. And, using the result of regression, we calculated the risk (probability) of premature failure within design life span. According to the risk the road sections could be classified by traffic and weather conditions.
OVERALL RESEARCH PROCEDURE
RESEARCH RESULTS AND FINDINGS
Data Collection
The performance (IRI, Rut, and PCR) data for 8 years, from 2002 to 2009, were collected. The data set includes the road type, location, direction, and performance measurements from left and right sides of road and average. To smooth out the noise and to make compact data set, we used average performance of 1 mile instead of 0.1 miles in which the raw data are. The ages of road sections were retrieved using contract history data. Because the contract history data contains only from 2005 to 2010, the oldest road section we have will be 4 years old. We selected HMA resurface cases because they are most common among construction history data.
For traffic data, we collected annual average daily traffic (AADT) and daily average number of commercial vehicles. Speed limits are assumed to be 70, 55 and 45 for Interstate, US route and State route, respectively (in consultation with INDOT engineer due to the unavailability of speed limit database). Weather conditions for each county were collected. The weather data includes the following six weather factors.
1.
Average summer temperature 2.
Average winter temperature 3.
Number of hot days 4.
Number of cold days 5.
Number of wet days 6.
Freezing index
After the preliminary regression analysis, we found that there are many road sections whose pavement performances are indeed improving as they get older; 37%,62% (depending on the interval and road type, refer to Appendix B for more details) of data points show this abnormality. Though this abnormality must be investigated further, it is out of scope of this study. Therefore, we excluded the road sections that contain the abnormal data points.
After we remove the abnormal data, we got 35,457 miles of road sections as described in Table 4 .1 and used them for our analysis.
Regression Models for Performance Prediction
As aforementioned, we collected three traffic conditions and six weather factors. We built extended regression models for performance prediction, using these nine traffic and weather conditions, and age of road section. The ten main factors are as follows.
1. Age 2.
Speed limit 3. AADT 4.
Number of commercial vehicles 5.
Numbers of wet days 6.
Number of hot days 7.
Number of cold days 8.
Average summer temperature 9.
Average winter temperature 10. Freezing index As a preliminary analysis, we compared our regression models with previous models, Gulen's (1) and Ong's (2) models (Appendix A). We applied these two previous models to the data (for IRI and Rut) we collected (including the abnormal data points), and compared with our extended models with ten factors as shown in Table 4 .2.
Obviously, our extended models outperform the previous models because the extended models consider more factors. However, the goodness levels of fits (R 2 ) of the extended models are still not good enough for performance prediction models.
In order to improve the regression models, we extended the models even further by adding second order interactions (multiplications of two main factors) besides 10 main factors, 55 factors in total. Fifty-five factors seem too many for a prediction model, but our purpose of regression is to calculate the risk of premature failure and thereby to find a good classification scheme based on the risk. Therefore, we keep those 55 factors for this research.
After including second order interactions and then excluding the road sections with abnormal data points, we could improve our regression models significantly as Table 4 .3 shows.
As a result, we found that the linear regression models for Rut and PCR and exponential regression model for IRI are the best fits.
Estimation of Risk of Premature Failure
What we can get from the regression analysis is not only the best estimation of prediction but also the variation of prediction. The regression models provide the mean (or maximum likelihood) value of performance. Additionally, using the variance-covariance matrix of coefficients of the regression models, we can also estimate the variance of performance (3). Onedimensional example is shown in Figure 4 And, combining the mean-variance of performance and the premature failure criteria, the risk of premature failure can be calculated. The risk of premature failure was then estimated for each road section.
Classification of Road Sections by Condition
First, we built another set of regression models on the risk of premature failure, with the same 55 factors used in the performance prediction modeling, in order to check if the factors we collected can be good predictors on the risk and if so, which factors have greater impact on the risk. The regression results are shown in Table 4 .4, confirming that the factors are good predictors on the risk, especially for Rut and PCR.
In order to find the most critical factors, we standardized factors and ran regression again. This standardized regression (5) would show the magnitudes of impact of each factor. For all performances, AADT, number of commercial vehicles, number of hot days and freezing index are shown to be the most critical factors (Appendix E).
After several trials, we found that the road conditions can be well classified into four groups by the number of commercial vehicles, number of hot days and freezing index. Indeed, the number of hot days and freezing index tend to be in opposite direction. The higher number of hot days and the lower freezing index mean the road condition in the higher temperature region. Therefore, to reduce the number of factors for classification, we define heat index (HI) as following:
Heat Index HI ð Þ~N umber of Hot days Freezing Index
The road section can be classified by the number of commercial vehicles (CV) for IRI, and, for Rut, the heat index can be a good indicator to classify a road section. By trial and error, we found that the critical points are 100 and 0.1 for the number of commercial vehicles and heat index, respectively. This result is well matched with intuition. High temperature softens asphalt binder, allowing heavy tire loads to deform the pavement into ruts. And, the number of commercial vehicles is more effective than AADT especially on HMA pavement. Tables 4.5 and 4.6 show the classification of road sections and the mean risk of each class for IRI, Rut and PCR. Unfortunately, we could not find a good indicator for classification in point of view of PCR. More detailed results of this classification can be found in Appendix F.
CONCLUSIONS
Extended regression models are developed for pavement performance prediction and, using the variance of predicted performance, the risks of premature failure are estimated. We found that the number of commercial vehicles and heat index (number of hot days/ freezing index) are good indicators for the risk of IRI and Rut, respectively. Using these two indicators, we could classify road sections into four groups and found this classification works well in distinguishing risky and safe road sections. This shows the importance of traffic condition and weather condition on the degradation of pavement performance.
RECOMMENDATIONS FOR IMPLEMENTATION
In addition to tonnage, INDOT should consider weather and traffic conditions to determine whether a project is assigned as QC/QA or not. Since the L-L group has low risk in both IRI and Rut, the size of test sample can be reduced or they can be classified as non-QC/QA. And H-H group might need to be classified as QC/QA even if the tonnage is less than 5,000 tons.
In between, H-L and L-H classes have medium level of severity. As Figure 6 .1, and as Figure 6 .2 shows, most of road sections fall into class L-H. Therefore, there should be an opportunity to achieve a more efficient way of managing testing force by reallocation. INDOT may reallocate some portion of testing efforts from the projects of class L-H into those of class H-H.
Our approach heavily relies on the prediction models for pavement performance. However, the road sections we used in analysis are less than 4 years-old, due to the lack of aged data. Therefore, for more reliable results, collecting longer period data is desirable. And, the sources of abnormality in performance data should be examined and eliminated. Moreover, if INDOT accumulates performance data according to different testing efforts, it would be possible to quantitatively define the test requirement for each class of road condition.
APPENDIX A PREVIOUS PREDICTION MODELS
Linear Model
Gulen's model (1) is a linear regression model to predict IRI and Rut by age and AADT as follows. (2) is an exponential regression model to predict IRI and Rut by interactions between AGE, AADT and Freezing Index (FRZINX) as follows..
IRI or Rut
ð Þ b 0 z b 1 AGEz b 2 AADT 2. Exponential Model Ong's model
IRI orRut
We applied these two models to the data we collected, and compared them with our extended models which have total 55 factors (Refer to Appendix C) that include ten main factors and their second order interactions. Obviously, our extended models outperform over the previous models because the extended models consider more factors. However, the goodness levels of fits (R 2 ) of the extended models are still not good enough for performance prediction models. We need to improve the regression models (see Appendices B and C). Table B .1 shows the portion of abnormal data, obtained by comparing IRI data of two consecutive years. If the pavement performance is decreasing, it means the roughness gets improved. Therefore, the data from the road section is considered abnormal. Table B .2 shows the portion of abnormal data when the performances are compared in two years interval. Table B .3 shows the portion of abnormal data when the performances are compared in three years interval.
We couldn't find any specific tendency of the abnormality, i.e. the abnormality exists uniformly in all road types and in all years. Although it is out of scope of this research, this problem must be examined further to improve the quality of the pavement performance measurement system. 
where Y i is ith observed response (pavement performance in this study), X ij jth factor in ith observation, N the number of observations, and p the number of factors. In matrix form, the model would be:
Using the coefficients matrix b, we can calculate the best estimate of mean responseŶ Y h for a new observation h as follows:
And, the variance of the response is also estimated, which is not provided by commercial statistical tools such as Excel:
where B is the covariance matrix of coefficients. Once we get the variance of response we can estimate the distribution of real response. Furthermore, the probability that the response is greater than a certain number can be estimated when the distribution of response is assumed to be a normal distribution.
Our regression model has ten main factors and their second order interactions. Therefore, it is impossible to draw the regression model in a two-dimensional graph, but when we draw the model as if it is one factor model, the graph would be like Figure D. 1. The blue shaded area represents the probability that the pavement performance (IRI, Rut or PCR) is greater than the limit (red dotted line). We use this probability as the risk measure of premature failure. To find the risk, we use 20 years as the design life. 
APPENDIX E REGRESSION ON THE RISK OF PREMATURE FAILURE
By using the estimated variance of pavement performance, we calculated the risk of premature failure for each observation and conducted linear regression on the risk instead of pavement performance using the same factors involved in the performance models. The regression models for predicting the risk of premature failure are working well with R 2 26.4% for IRI, 92.4% for Rut, and 92.3% for PCR, confirming that the factors are good predictors on the risk, especially for Rut and PCR. Table E .1 shows the regression coefficients of factors for IRI, Rut and PCR. The results of the regular regression show the best estimation of coefficient of each factor. However, when the factors have different scales and ranges, it is difficult to see which factor has higher impact on the response. In order to see the impact of factors, regression has been conducted after all the factors are standardized. Table E .2 shows the ranked list of factors based on standardized regression coefficients. Higher ranked factor has higher impact on the risk of premature failure. 
APPENDIX F CLASSIFICATION OF ROAD SECTIONS
To accomplish the goal of this research, we need to classify the road sections by their attributes such that the classification should be able to distinguish the risk of premature failure. We found that heat index (number of hot days divided by freezing index) and the number of commercial vehicles are good attributes for the purpose of classification. Therefore, we divide the whole road sections into four groups, High-High, High-Low, Low-High, and Low-Low (level of heat index -level of the number of commercial vehicles). The critical points are 0.1 and 100 for heat index and the number of commercial vehicles, respectively. Tables F. 1, F.2 and F.3 show the descriptive statistics of each group for IRI, Rut and PCR. The CV and HI represent the number of Commercial Vehicle and Heat Index, respectively. Risky road section means that the road section has the risk of premature failure higher than 20%. Figure F .1, Figure F .2 and Figure F .3 show the distributions of risk for each class. It is easier to see how the classification divides the road sections by the risk. As one can see in these figures, road sections for Rut are well classified by heat index but not by the number of commercial vehicles. And, road sections for IRI are well classified by the number of commercial vehicles but not by heat index. And, unfortunately, we could not find a good classification for PCR. 
